RNase Fl, a guanine-specific ribonuclease from Ji1usariu1n moniliforme, was crystallized in two different forms, in the absence of an inhibitor and in the presence of 2'GMP. The crystal structure of the RNase Fl free fo rm was solved by the molecular replacement method, using the co-ordinates of the RNase Tl complex with 2'GMP, and was refined to a final R-factor of 18 ·7 %, using the data extended to 1· 3 A resol ution. For the crystal structure of the RNase RNase Fl and RNase Tl shows a substantial similarity between all the ca atoms, as evidenced by a r.m.s.d. value of l ·4 A. The loop from residues 32 to 38 was strikingly different between these two enzymes, in both its conformation and its hydrogen bonding schemes. The side-chain of a catalytically active residue, His92, is shifted away from the catalytic site in RNase Fl by l ·3 A and 0·85 A with respect to the corresponding positions in the RNase Tl free form and in the RNase Tl complex with 2'GMP, respectively. In the RNase Fl complex, the guanine base of 2'GMP has a syn conformation about the glycosyl bond, and the fu ranose ring assumes a 3' -exo pucker, which is different from that found in the complex with RNase Tl. In the catalytic site of the RNase Fl complex with 2'GMP, one water molecule was observed, which bridges the phosphate oxygen atoms of 2'GMP and the side-chains of the catalytically important residues, His92 and Arg77, through hydrogen bonds. A water molecule occupying the same position was found in the RNase Fl free form.
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Ala Ser -Ala Cys -Asp Thr Tyr Thr Cys Thr -Cys Gly -Ser -Thr -Asn -Gly Ser -Asn -Cys - Fl IVaTI-Gly -1Cys 1 -Ser -Gly -Thr -Asn Tl �-Glu -Cys -Thr has 59% identity with the well-known guanine specific ribonuclease Tl (RNase Tl) from
Aspergillus oryzae (Pace et al., 1991) , although there are notable differences in the amino and carboxyl termini (Hirabayashi & Yoshida, 198 3). It should be noted that fo ur cysteine residues of RNase Fl, which form two disulfide bridges, are positioned differently than those of RNase Tl (Yoshida & Naijo, 198 6) . In addition, a comparison with the sequence of RNase Tl reveals that RNase Fl has one deletion at position 66 and three additional residues at the carboxyl terminus.
In the last decade, extensive crystallographic studies were carried out on RNase Tl-inhibitor complexes, such as the complexes with 2'GMP, 3'GMP, 2',5'GpG and 3',5'pGp (Heinemann & Saenger, 1982; Sugio et al., 198 5, 1988; Arni et al., 198 7, 1988; Koepke et al., 198 9; Lenz et al., 199 la ,b) .
'fhe crystal structure of guanosine free RNase Tl, complexed with vanadate, was also determined (Kostrewa et al., 198 9) . More recently, the crystal structures of RNase TI and RNase Tl mutants complexed with a non-cognizable nucleotide, 2' AMP, have been determined (Ding et al., 1991; Hakoshima et al., 1992; Granzin et al., 1992) . In most cases, these crystal structures were refined at atomic resolution. Furthermore, the crystal struc ture of inhibitor-free RNase Tl has been determined at 1·5 A (I A= O·l nm) resolution, although this crystal was grown at neutral pH, which is different fron1 the acidic pH used for the complexes (Martinez-Oyanedel et al., 1991 ) . The crystal struc turfs of some RNase Tl mutants in complex with inhibitors (Granzin et al., 1992) have also been dett�rmined. These crystallographic results have perrnitted fruitful discussion of the catalytic mechanism of RNase Tl.
\\le successfully obtained crystals of RNase Fl, in both the inhihitor-free form and in a complex with 2'GMP, under similar crystallization conditions.
Both crystal forms diffracted X-rays very well, and hence we determined the crvstal structure of the free enzyme at 1 ·3 A resoluiion, and that of the enzyme complexed with 2'GMP at 2 A resolution.
A c:>mparative study between the two fo rms would be particularly meaningful, because both crystal strt ctures were refined at atomic resolution and thu � can provide detailed insight into the structure fun·�tion relationships of the guanine-specific ribo nucleases. In parallel with an X-ray structural analysis, a nuclear magnetic resonance (NMRt) study has been carried out to determine the struc turn of the inhibitor-free enzyme in solution (Nakai et o1., 1992) . The results showed that the entire strl_cture of the enzyme is very similar to that of RNase Tl. In this paper, we describe the structural details of hoth crystal fo rms, and also discuss the strltCtural differences between the inhibitor-free enzyme and the enzyme in complex with the inhibi tor. We also include structural comparisons with the various crystal structures of RNase Tl.
The sequence numbering of RNase Tl will be used throughout this paper for the sake of simpli cit). Note that RNase Fl has a deletion at position 66. Thus, thereafter, the residue number is larger by one than the actual sequence number of RNase Fl.
t Abbreviations used: NMR, nuclear magnetic resonance; r.m.s., root-mean-square.
Materials and Methods

(a) Crystallization
RNase Fl was purified from a culture filtrate of F. moniliforme, according to the procedure described previously (Yoshida et al., 1980) . Crystallization was carried out using the vapor diff usion technique. For crystallization of the inhibitor-free enzyme, the lyo philized protein was dissolved in IO mM-Na cacodylate buff er (pH 3·0). The drops, containing IO mg protein/ml were adjusted to about pH 3·5 by addition of 30 mM-Na citrate, and hung on siliconized glass slides. They were equilibrated against a 20o/0 (v/v) 2-methylpentane-2,4-diol solution at 20°C. Crystals of rhombic shape grew in a few weeks. These crystals were subsequently seeded to gro'"-' crystals sufficiently large for X-ray diffraction.
The maximal dimensions of typical single crystals were about 0·8 mm x 0·75 mm x 0·35 mm. To grow crystals of the complex \\-'ith a nucleotide inhibitor, 2'GMP (at a concentration of 2 mg/ml) was added into the same solu tion as that used for the inhibitor-free crystals. In order to confirm the presence of the inhibitor in the complex crystal, we determined the content of 2'GMP in washed crystals hy measuring absorbances at 250 nm and 277 nm. The molar ratio of 2'G�IP/enzyme \\-'as evaluated to be 0·9, indicating that the crystals were certainly derived from the complex.
(b) Data collection
For both inhibitor-free form and the complex with 2'G�IP, 2 intensity data sets were collected, respectively. 
The "medium resolution data" \\'ere used for analyses by the molecular replacement method, and the "high resolu tion data" \\'ere used for crystallographic refinement. The conditions and statistics of data collection for high resolu tion data sets are summarized in Table I .
The medium resolution data were collected using a 4-circle ditfractom e t€r, CAD4 (Enraf-Nonius), on a sealed Cu tube X-ray generator operated at 40 kVT, 32 mA. The decay of intensity was monitored everv l·5 h, and \\'as permitted up to a 20°/0 loss of intensitj ; . The scan \\·idth was variable, from 0·6 to 0·8 deg .. and an w-scan mode with scan speeds from l to :� deg./min was used. An absorption correction was applied to these intensity data, according to the method of Xorth et al. (1968) . Intensity data were merged using the prograrn PltOTEIX (Steigemann, 1974) .
For the inhibitor-free crystal, intensity data were collected to l ·8 A resolution, using 3 crystals (to 2·2 .A, 2·24 to 2·0 � � and 2-0a to l ·8 A resolution). For each crystal, about 300 reflections were overlapped and the Rmerge value \\"as 5·90°/ o (llmerge = 1:((!1-(f)fj/1:(11), \\'here 11 is the measured intensity of reflection, (/) is the a\'erage intensity, caJculated from equivalent reflections}.
The Rsym value calculated for Friedel pairs between 2·5 and 1·8 .A resolution \Vas 6·56'Yo· Finally .. 7784 indepen dent reflections with F>a(F) \\'ere processed.
For the 2'G�IP complex crystal, intensity data were collected to 3·0 A resolution fr om l crystal, using the same CAD4 4-circle diffractometer. Finally, 2fi04 independent reflections were processed. following the san1e procedure as that used for the inhibitor-free crystal.
For crystaJJographjc refinement, higher resolution data sets were collected for both crystal forms. The crystal of the inhibitor-free enzyme diffracts X-rays beyond I-:� A resolution. Intensity data \\'ere collected to l ·3 .A resolu tion, using a \Veissenberg camera for macromolecules (Saka be, 1991) installed on the beam line 6A2 at the Photon Factory (Tsukuba, Japan). The \\·avelength was set at 1·04 A. The diffraction path "·as tilled ll.'ith helium gas to avoid air scatt.ering. Two crystals, in diff erent orientation relative to the bearn, were used for data collection to cover the blind region. The diffraction spots were recorded on an imaging plate and were digitized, using a BA.100 reader (Fuji Film). The data were processed by the program \V EIS (Higashi, 1989: Table l ) .
Th e Rmerge value \\'aS 5·92 % .
The higher resolution intensity data for the inhibitor complex crystal were collected to 2·0 A resolution, using an i1naging plate diffractometer, DIP-100 ().lac Science), equipped with a Cu rotating anode generator operated at 50 kV·, 90 mA. Intensity data were processed using the progranl EL�lS (Tanaka et al., 1990: Table l ). The R mer g e value was 7·0%. This high resolution data set was rnerged with the mediutn resolution data set collected \\'ith the CAD4-diffractometer. and in thl.s case, the R mer g e value was 8·5o / 0.
( c) },f olec ular replac ement
The structure of RXase T J complexed with 2'Gi'.1P The largest peak exhibited J ·.5 times higher \l'eigbt than the 2nd peak ( Table 2) .
After applying the fo und rotation matrix to the model, a translation search (Crowther&. Blo,v, 1967) \\'ith l ·5 times higher \v eights than the 3rd highest peak, \!.· ·ere found in the rotation function n1ap (Table 3) . Roth orientations corresponding to the,�e 2 peaks were subjected to a translational search, according to the same procedure as described for the inhibitor-free RNase Fl.
One of these orientations yielded clear and significant peaks in each Harker section of the translation function Olaps (Table 3) . The average magnitude of these peaks was about 2·5 ti1nes higher than the 2nd peak, whereas for the other orientation, no significant peak \\'as fo und in the tra.nslation function map. From the analysis of 2 Harker sections, at Z = l /:l and 2/3, the space group of the complex crystal \\·as deduced to be P61, rather than P65.
The molecular arrangements revealed no serious close cont.acts in the P61 unit cell. The R-factor value at this stage was 37·3% at 3·0 A resolution.
Next, a rigid body translation-rotation refinement, using the program TRAREF (Huber & Schneider. 1985) , was applied to the rnolecular replace1nent solution. Using intensitv data to :3 A resolution, it was fou nd that the model �eeded to be rotated by (0·6°, 1 ·97° and 0· 11°) in 
Tianslatian Junction (JO to 3·0 A resolution) (for the 1st peak in rotation junction)
t T le 2nd peaks represent the wrong solution.
the a-igles ('¥, E> and <ll ) defined by Huber, and to be shifte 1 by -0· 15 A and 0·13 A along the x and y axes, respe1�tively. \Vhen these corrections were applied, the R-fac .or value decreased to 33·3%. The (2\F.l-IF,i) elec tron density map showed clear continuous densities for nearl3 aH t.he prot€in atoms, and the enzyme model fits the d< nsi ties very \\.rell.
(d) Refinement
Cry�tallographic refinements of both the RNase Fl inhibi ;or-free fo rm, and the complex with 2'GMP were carrie1l out using the stereochemically restrained least squan � refinement program, PROLSQ (Hendrickson, 198.5) , which \Vas implemented on a FACOM VP2600
supercomputer. Intermediate and the resultant structures were inspected using llF.l-\F,i) and (2\F.1-\F,i) maps, and \\.ere i1nproved using the program 0 ( After�ards, the intensity data were replaced by the high resolution data collected to 1·3 A, using synchrotron radiati Jn with the Weissenberg camera.
For the refinement of the RNase Fl free fo rm, the initial node!, which \\-'as constructed with FRODO based on the RNase Fl sequence, was converged to an R-factor value of 31·9°/o for the intensity data from 10 to 2·5 A resolut on. A difference electron density map calculated at this stage showed an enormous improvement, and 75o/0 of the sidn�chains could he identified. After the 1st round of the refinement, it. was found that the N terminus had to be rotf .ted about the peptide bond between Ala3 and Thr4 . Lnd the additional C-terminal residues Glyl05 to Asn 107 \Vere recognizable in the electron density map.
Howev•!r, the electron density of the loop between Thr32
and Tyr38, which was the crucial part of the determined model, was poor. Several models were built, and the one that provided the best density after refinement was applied. The deletion loop between Gly65 and Val67 was reinserted using the program FR.ODO. The resolution was then extended to 1·8 A, and the water molecules were added using the (\F.1-IFJ) and (2\F.1-\FJ) dif f erence Table 4 Statistics of the final structure8 of the RN ase F 1 free form and the complex with 2'GM P densities of good quality (Fig. 2) . ThP final R-factor Yalur of the complex with 2'GMP was 16·8�10 for 5331 reflec tions, ""·ith F>a(F) fr om 6 to 2 A.
The final refine1nent parameters of RXase FI. both for the free fo rin and for its C'omplex \\'ith 2'(}1\1P. are summarized in The side-chain of Argl 7 is disordered in both structures, \v hile Asp53 is disordered only in the free fo rrn. ln the complex crystal, t\\ 'O segments, Gln28 to Asp31 and Ala95 to Gly97, revealed poor electron densities even at 2·0 A resolution. These disordered regions are indicated (as higher R-values) in the residual R-factor plot ( Fig. 4(a) and (b)) as proposed by Jones et al. (1991) . Except for these residues, there are no extraordinarily high peaks in the plots for either the free or the cornplex fo rm.
Results and Discussion
In the crvstal structure of the inhibitor-free The densities corresponding to \r al78 were well defined, indicating that this residue assumes a definite conformation, \\ 'ithout disorder.
The hackbone fold ing of RNase Fl, in crystals of both the free form and the complex with 2'GMP, are very similar to those of RNase Tl, which comprise an anti-parallel fl-sheet and a long a-helix flanking one side. The a-helix from Alal3 to Gln28 is labeled and Gly(i4 between the free form and the complex is probably attributable to t\VO intermolecular hydro gen bonds, \\.'h ich form bet\\.·cen the main-chain atorns of Gly64 and the symmetrically related n1olcculc in the co1nplex structure (see Table 14 ).
The discrepancies in the (</>,I/!) angles of Asn43 to A,:.;n44 between the free fo rm and the cornplex could be associated \\rith the difference in the position of (Table 6) . This large value is due to a conforma tional change induced by the binding of the guanine base to this loop. T n fact, two residues, Tyr45 and Glu46, altered t, heir conformations to bring the side chains into contact with the guanine base of 2'GMP.
�l\s summarized in Table 7 , other large dis place men ts between the t\.vo crystal structures \Vere observed in the side-chains of residues located on the molecular surface. Another notable difference between the t\vo enzymes is that H is92 shifts away from the catalytic site by more than I ·3 and 0·85 A in hoth of the two crystal structures of RNase Fl, as compared \Vith the corresponding residue in the RXase Tl free enzyme and the complex with 2'GMP, respectively.
As described later, these shifts cause some confor mational differences of the catalytic sites between the t\\'O ribonucleases.
There are some additional differences in the loop regions, \·Vhich can be interpreted as being a eonsc His92 X " -Asn98 0, His92 N " -Asn98 0'1, Asn99 :X 0 2 -Ser96 () are observed in RN"ase Tl, only one hydrogen bond, Hls92 X 0 1 -Asn99 0, is present in RXase Fl .
Table 9
The ¢, ijJ distribution of the loop fr om residues 32 to 38 in the RN ase FI and the RN ase TI free forms It should be noted that in the X-ray structures of RNase Fl, two disulfide bonds have similar to each othf·r gattche-trans conformation, in contrast to the results of Takeuchi et al. (1991) , where one of the disulfide bonds is assigned to gauche-gauche conformation and the other to gauche-trans con forn1ation by Raman spectroscopy.
(b) Nucleotide conformation and binding T;1e electron densities corresponding to the 2'GMP bound to RNase FI are well defined (Fig. 2) , although the average temperature fa ctor of the con stituent atoms is as high as 31 A2. In the complex \\'·ith RKase Fl, the guanine base adopts a syn conformation about the glycosidic bond , as in the complex with R.:Xase Tl, the sugar moiety assumes a C3'-exo-type pucker, which is somewhat different from the C2'-endo-type pucker of 2'GMP in the complex with RNase Tl (Arni et al., 1988; Sugio et al., 1988) . XMR studies suggest that the sugar molecules bound to the wild-type (Inagaki et al., 1985) and the mutant Y45W (Itoh et al., 1991) of RNase Tl adopt the C3'-enda-pucker in solution.
Xevertheless, the entire conformation of the nucleo tide in the RKase Fl complex is very similar to the conformation observed in the RNase Tl complex.
The torsion angles of the nucleotides are listed in Table 10 .
The arrangements of the amino acid residues around 2'G1\1P are similar in the two ribonucleases.
The nucleotides and the surrounding residues of the two enzymes are superimposed for comparison (Fig. 7) . 
C. Ribose ring torsion angles (deg.)
t Calculated from co-ordinates (Arni et al., 1988) .
Tyr42 and Tyr45. The guanine base forms seven hydrogen bonds with the surrounding atoms of tbe protein (Table 11 ) . The phosphate group is bound to the side-chains of Tyr38, Glu58 and His40 through four hydrogen bonds. The formation of a hydrogen bond between the phosphate oxygen atom and the 
His92 _N<2 2-49 03P Tyr38 o� 2-70 2·70
t Calculated from co-ordinates (Arni et al., 1988) . 0' of Tyr38 (Table 11) is consistent with the results of site-directed mutagenesis experiments of RNase Tl, which revealed that Tyr38 is a purely catalytic residue and that it could form such a hydrogen bond in the transition-state conformation (Steyaert et al., 1991 ) . There are two hydrogen bonds formed between the t.\vo phosphate oxygen atoms, 02P and OIP, and the water molecule, Watl52. This water molecule, which is noteworthy because of its loca tion near the catalytic site, also fo rms two addi tional hydrogen bonds with the side-chains of His92 and Arg77. It should be noted that, in the RNase Tl-2'GMP complex, the side-chain of the putative catalytic residue His92 forms a direct hydrogen bond with the phosphate oxygen atom of 2'GMP, in contrast to the RNase Fl-2'GMP complex (Arni et al., 1988) . This difference is due to the shift of the Glu58 0"2 2·92 \\1atl50
Arg77 N"2 3·19 \V atl50
Tyr38 0" 3·01 \V atl95
His40 N'2 2·87 \Va tl95
Tyr38 0" :l·l6 \V atl96 Wat205 2·51 \Vat205
His92 N"2 3·25 \Vat205
Arg77 N"2 3·601
t The distance is longer than 3·5 A. Nevertheless, it is unlikely that Arg77 has such a role because of the high pK. value of Arg. We assume that the most probable role of Arg77 is to stabilize the transition state through a hydrogen bond with Wat205 which attacks a phosphorus atom.
All the positions of the residues around the cata lytic site are well conserved in RNase Fl and RNase Tl (Fig. 7) .
(c) Hydration
In the RNase Fl free form, 107 crystallographic ally independent water molecules could be identi fied. Their average temperature factor is 25 A2 . Table 13 and Table 14, (Nishikawa et al., 1988; Hakoshima et al., 1991 Hakoshima et al., , 1992 . (2) In the complex of RNase Fl with 2'G. \'1 P, the guanine base takes a 8yn conformation about the �lycosidic bond, \\.'hich is similar Lo that observed in the same complex structure of RNase T1, but the sugar a.dopts a C3'-exo pucker, which is different from that in RNase Tl. Moreover, the ribose 0-2' ox3rgen atom fo rms a direct hydrogen bond \vith \Ve are grateful to Dr L� . Heinemann for providing the co-ordinates of the inhibitor-free RNase Tl structure, and al::io to Drs N. �akabe and A. Nakaga""'a for their help in the use of the \-\'eissenberg camera for rnacromolecules. Drs :\L Ikehara, K. Tomita and T. Hakoshima are acknowledged for their helpful discussions and comments. \V e thank l)r K. Takahashi of Kyo\\-'a Ferm en ta. ti on Industry Co. for providing the enzyme source. Takeda Chernical Industries Ltd. is acknowledged for the culture of Fusarium monihforme.
